The primary goal of this project is to validate vehicle/infrastructure systems using hydrogen as a transportation fuel for light-duty vehicles. This means validating the use of fuel cell vehicles (FCVs) and hydrogen refueling infrastructure under real-world conditions using multiple sites, varying climates, and a variety of sources for hydrogen. See Figure 1 for photographs of the first-generation vehicles and logos of the four teams and Figure 2 for photographs representing the four types of hydrogen refueling stations. By 2009 we will validate hydrogen vehicles with greater than 250-mile range, 2,000-hour fuel cell durability, and $3/gge hydrogen production cost (based on volume production). We are identifying the current status of the technology and tracking its evolution over the five-year project duration, particularly between the first-and second-generation FCVs. NREL's role in this project is to provide maximum value for DOE and industry from the data produced by this "learning demonstration." We seek to gain knowledge about the progress toward the technical targets, and provide that data to the HFCIT R&D activities. This information allows the program to move more quickly toward cost-effective, reliable hydrogen FCVs and supporting refueling infrastructure.
Approach
NREL's approach to accomplishing the project's objectives is structured around a highly collaborative relationship with each of the four industry teams, including Chevron/Hyundai-Kia, DaimlerChrysler/BP, Ford/BP, and GM/Shell. We are receiving raw technical data from both the hydrogen vehicles and refueling infrastructure that allows us to perform unique and valuable analyses across all four teams. Our primary objectives are to feed the current technical challenges and opportunities back into the DOE Hydrogen R&D Program and assess the current status and progress toward targets. To protect the commercial value of these data for each company, we established the Hydrogen Secure Data Center (HSDC) to house the data and perform our analysis ( Figure 3 shows the flow of data and results). To ensure value is fed back to the hydrogen community, we publish composite data products twice a year at technical conferences. These data products report on the progress of the technology and the project, focusing on the most significant results. Additional composite data products are conceived as additional trends and results of interest are identified. We also provide our detailed analytical results (not public) on each individual company's data back to them to maximize the industry benefit from NREL's analysis work and obtain feedback on our methodologies.
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Key Analysis Accomplishments in FY 2007
• Created and published 30 new or updated composite data products (the third such set of public results) representing results from analyzing almost two years of Learning Demonstration data. Presented results publicly at EVS-22, the Fuel Cell Seminar, the National Hydrogen Association conference, and the 2007 DOE Hydrogen Program Merit Review meeting.
• Created a new NREL Web page at http://www.nrel.gov/hydrogen/cdp_topic.html to allow direct public access to the latest composite data products, organized by topic, date, and CDP number. This also allowed the results to be indexed directly by search engines.
• Made major improvements to NREL's Fleet Analysis Toolkit (FAT) for automatically processing and analyzing every vehicle trip file and presenting the results graphically in an interactive manner.
• Received and processed a total of 141,000 individual vehicle trips, amounting to over 38 GB of data, since inception of the project. . In order to focus on the high-level results and conclusions, this report will discuss the results in bullet form, organized by topic. The last section includes all of the composite data products referenced.
• Fuel Cell Efficiency: The fuel cell system efficiency was measured from select vehicles on a vehicle chassis dynamometer at several steady-state points of operation. DOE's technical target for net system efficiency at ¼-power is 60%. Data from the four Learning Demonstration teams showed a range of net system efficiency from 52.5% to 58.1% (Figure 4 ), which is very close to the target. Efficiency of the 2nd generation systems will be evaluated as soon as they are introduced through baseline testing.
• Vehicle Fuel Economy: Vehicle fuel economy was measured from city and highway drive-cycle tests ( Figure 5 ) on a chassis dynamometer using draft SAE J2572 (left blue bar, representing the range of four points, one from each OEM). These raw test results were then adjusted according to U.S. Environmental Protection Agency (EPA) methods to create the "window-sticker" fuel economy that consumers see when purchasing the vehicles (0.78 x Hwy, 0.9 x City) (center blue bar). This resulted in an adjusted fueleconomy range of 42 to 56.5 miles/kg hydrogen for the four teams. As with all vehicles sold today, including gasoline hybrids, on-road fuel economy is slightly lower than this rated fuel economy (right blue bar). Note that EPA has adjusted its testing and reporting methodology beginning with model-year 2008 vehicles to try to make the window-sticker fuel economy better reflect on-road driving performance.
• Vehicle Driving Range: Vehicle range was calculated using the fuel economy results discussed above and multiplying them by the usable hydrogen stored onboard each vehicle ( Figure 6 ). Using the EPA-adjusted fuel economy resulted in a range from just over 100 miles up to 190 miles from the four teams. The 2 nd generation vehicles will strive to push this range up to 250 miles to reach the 2009 DOE target. Note that two other composite data products relating to range were also generated. Figure 7 shows a histogram of the distance vehicles actually traveled between refuelings as a percentage of each vehicle's dyno range. This shows that the majority of the vehicles (80%) travel less than 50% of the dyno range between refuelings. This is due to several factors, but the dominant ones are limited H2 infrastructure, fear of running out of fuel, and actual onroad fuel economy being lower than the dynamometer fuel economy, as has already been discussed. Figure 8 shows a large spread of on-road range from the four teams (green bar) as a percentage of their dyno range.
• Fuel Cell Durability: Fuel cell stacks will need roughly a 5,000 hour life to enter the market for light-duty vehicles. For this demonstration project, targets were set at 1,000 hours in 2006, and 2,000 hours in 2009. By creating periodic fuel cell polarization curve fits using the on-road stack voltage and current data, we calculated the voltage under high current and used it to track the gradual degradation of the stacks with time. We then compared these results to the first-generation target of 1,000 hours for 2006. Since the vehicles have not yet been driven long enough to acquire 1,000 hours of operation (a range of fleet averages from 145 to 379 hours for the four teams, as shown in Figure 9 ), we extrapolated based on the slope of the voltage degradation (mV/hour times the 10% voltage drop target). The projected times to 10% fuel cell stack voltage degradation from the four teams had an average of over 700 hours with a high projection of over 1,250 hours from one team, straddling the 1,000 hour DOE target ( Figure 10 ). Note that this 10% criterion, which is used for assessing progress toward DOE targets, may differ from the OEM's end-of-life criterion and does not address "catastrophic" failure modes such as membrane failure. The 2 nd generation stacks introduced in this project beginning in late 2007 will be compared to the 2,000 hour target for 2009.
• Vehicle Safety: The Learning Demonstration has had a very strong safety record to date.
In accordance with DOE's safety definitions, there have been no safety incidents or near misses involving the vehicles; they have all been non-events. There was one reported issue with properly setting thresholds for triggering onboard alarms from hydrogen sensors that is being resolved by the company involved. This occurred in Quarter 4, 2006, as can be seen in Figure 11 by the spike in the number of safety reports for that quarter. This resolution will also involve a reassessment by that company of the type of safety data reported to the HSDC, and will likely involve an update to the number of reports (lower) for previous and future quarters.
• Other Vehicle Metrics: There have been several other vehicle-related composite data products that will be briefly mentioned here. Figure 12 shows the range of ambient temperature during vehicle operation spanning from 3°F-123°F. So fuel cell vehicles are currently able to operate in extreme temperature conditions, but 2 nd generation vehicle tests will determine their ability to also start from sub-freezing temperatures. Figure 13 shows the distribution of vehicle operating hours, showing a median of 300-400 hours. Similarly with vehicle miles traveled (shown in Figure 14) , the peak number of vehicles occurs at 6,000-8,000 miles. The total number of vehicle miles traveled through December 2006 is 573,064, and Figure 15 shows that after the first few quarters, mileage accumulation has been relatively linear. Figure 16 tracks the total number of Learning Demonstration vehicles deployed by quarter, and the on-board hydrogen storage systems that they use.
Section 2: Infrastructure Results
• Hydrogen Quality: Hydrogen quality was determined by measuring the impurities and calculating the hydrogen fuel quality index as a percentage. SAE J2719 has established a 99.99% hydrogen fuel quality index target. The hydrogen fuel quality index from all the stations sampled ranged from 99.73% to 99.999%, as shown in Figure 17 . The values on the lower end were due to some high detection limits on inert gases, and likely do not really represent hydrogen fuel quality that low.
• Hydrogen Impurities: More important than the absolute hydrogen fuel quality index is the actual level of impurities by constituent. Impurities evaluated include particulates, inert gases (N 2 + H 2 + Ar), NH 3 , CO, CO 2 , O 2 , total HC, H 2 0, and total sulfur, and are shown in Figure 18 . One key finding was that reported values are, in general, close to the SAE J2719 target values. For total sulfur, we observed that all of the data were reported at the detection limits of the gas analysis hardware used. So while the target for sulfur is 4 parts per billion (ppb), detection-limited results ranged from 3-70 ppb. Therefore, either new cost-effective techniques to get real measurements at such low concentrations should be developed, or the target should be raised to something that can be measured with confidence.
• H 2 Infrastructure Maintenance: An evaluation of all of the maintenance required on refueling station equipment found that roughly ½ of all labor hours were unplanned, accounting for 60% of the maintenance events ( Figure 19 ). This reflects the early nature of technology maturity for the stations, and will be tracked as the technology matures and more stations are put into service.
• Infrastructure Safety: With respect to hydrogen refueling infrastructure, there has only been one event that was classified as an incident. It involved a piece of equipment that was incorrectly installed and led to the release of hydrogen from the station's storage tanks into the atmosphere. There were no injuries and no damage except for the piece of equipment involved. At a less severe level (see Figure 20) , there were nine events categorized as near-misses and 59 non-events (primarily alarms-only and equipment malfunctions). All but one of the near-misses involved a minor release of hydrogen with no ignition. Figure 21 shows that no single primary factor led to the majority of infrastructure safety reports, but the following three categories made up almost 40 of them: calibration/settings or software controls, environment (weather, power disruption, other), and inadequate or non-working equipment. Figure 22 shows that the number of refuelings normalized by the number of safety reports per quarter has improved by a factor of 10 since the beginning of the project, and Figure 23 shows that no serious (incident or near-miss) reports have occurred in the last three reporting quarters.
• Refueling Events: Hydrogen vehicle refueling needs to be as similar as possible to conventional vehicle refueling to allow an easier commercial market introduction. Over 3,700 refueling events have been analyzed to date, and the amount, time, and rate have been quantified. The average time to refuel was 4.19 minutes with 78% of the refueling events taking less than 5 minutes (Figure 24 ). The average amount per fill was 2.15 kg, reflecting both the limited storage capacity of these vehicles (~4 kg max) and peoples' comfort level with letting the fuel gauge get close to empty (Figure 25 ). DOE's target refueling rate is 1 kg/minute, and these Learning Demo results indicate an average of 0.71 kg/min and a median of 0.75 kg/min, with 20% of the refueling events exceeding 1 kg/minute (Figure 26 ). Therefore, we can conclude that high-pressure gases are approaching adequate refueling times and rates for consumers; however, the challenge is still in packaging enough high-pressure hydrogen onboard to provide adequate range, or finding alternate advanced hydrogen storage materials that can replace the need for highpressure tanks. See Figure 27 , Figure 28 , and Figure 29 for the status of the firstgeneration storage tanks validated.
• Other Infrastructure Metrics: The amount of hydrogen produced or dispensed has also been tracked by quarter. This result is shown in Figure 30 . Note that the amount of hydrogen produced is not the same as the amount dispensed because the project includes a power park at which the unused hydrogen can be converted back into grid electricity during peak utility load periods (due to late afternoon air-conditioning loads) using onsite fuel cells. As discussed earlier, there are four major types of hydrogen refueling stations being demonstrated (shown in Figure 31 ) and the rate of introduction of these stations is shown in Figure 32 .
Conclusions and Future Directions
NREL has now analyzed the first two years of the 5-year project with 77 vehicles now in fleet operation, 12 project refueling stations in use, and no major safety problems encountered. We've analyzed data from 141,000 individual vehicle trips covering 570,000 miles traveled and 20,000 kg H 2 produced or dispensed. Last fall we supported a September 2006 DOE MYPP milestone to evaluate on-road fuel cell durability through voltage degradation and comparison to the 1,000-hour target. The results included an individual team-average high of over 1,250 hours with the 4-team average still over 700 hours. We've analyzed fuel cell system efficiency at ¼-power and compared it to the DOE target of 60%; system efficiency results from the four teams ranged between 52.5% and 58.1%. We've published 30 composite data products to date and made them directly accessible to the public from a new Web site.
As we move forward in the future, we will identify any correlations of real-world factors influencing fuel cell degradation and strive to separate their interwoven dependencies. We will create new and updated composite data products based on data through June 2007, and prepare results for publication at EVS-23 and 2007 Fuel Cell Seminar as the "Fall 2007" results. We will also support the September 2007 DOE MYPP and Joule milestone on refueling times and rates. For the 2 nd generation vehicles initially introduced this fall, we will evaluate improvements in fuel cell durability, range, fuel economy, and safety. We will semi-annually (spring/fall) compare technical progress to program objectives and targets, providing public outputs through publication at conferences. As an important part of the project, we will identify opportunities to feed project findings back into HFCIT Program R&D activities to maintain the project as a "learning demonstration." 13. Wipke 
DOE Target
Created: Aug-29-06 4:09 PM 1 Gross stack power minus fuel cell system auxiliaries, per DRAFT SAEJ2615. 2 Ratio of DC output energy to the lower heating value of the input fuel (hydrogen). Excludes power electronics and electric drive. 1. Range calculated using the combined City/Hwy fuel economy from dyno testing (not EPA adjusted) and usable fuel on board.
2. Some refueling events are not detected/reported due to data noise or incompleteness. 1. Calculated using the combined City/Hwy fuel economy from dyno testing (non-adjusted) and usable fuel on board.
2. Applying window-sticker correction factors for fuel economy: 0.78 x Hwy and 0.9 x City.
3. Using fuel economy from on-road data (excluding trips > 1 mile, consistent with other data products). 3. Using fuel economy from on-road data (excluding trips > 1 mile, consistent with other data products). (1) Range bars created using one data point for each OEM. (2) Range (highest and lowest) of the maximum operating hours accumulated to-date of any OEM's individual stack in "real-world" operation. 
Max Projection Avg Projection
Created: Feb-28-07 8:27 PM (1) Range bars created using one data point for each OEM.
(2) Range (highest and lowest) of the maximum operating hours accumulated to-date of any OEM's individual stack in "real-world" operation. (3) Range (highest and lowest) of the average operating hours accumulated to-date of all stacks in each OEM's fleet. (4) Projection using on-road data --degradation calculated at high stack current. This criterion is used for assessing progress against DOE targets, may differ from OEM's end-of-life criterion, and does not address "catastrophic" failure modes, such as membrane failure. (5) Using one nominal projection per OEM: "Max Projection" = highest nominal projection, "Avg Projection" = average nominal projection.
The shaded green bar represents an engineering judgment of the uncertainty due to data and methodology limitations. Projections will change as additional data are accumulated. 
